The Indo-Pacific Warm Pool (IPWP) is a key site for the global hydrologic cycle, and modern observations indicate that both the Indian Ocean Zonal Mode (IOZM) and the El Niño Southern Oscillation exert strong influence on its regional hydrologic characteristics. Detailed insight into the natural range of IPWP dynamics and underlying climate mechanisms is, however, limited by the spatial and temporal coverage of climate data. In particular, long-term (multimillennial) precipitation patterns of the western IPWP, a key location for IOZM dynamics, are poorly understood. To help rectify this, we have reconstructed rainfall changes over Northwest Sumatra (western IPWP, Indian Ocean) throughout the past 24,000 y based on the stable hydrogen and carbon isotopic compositions (δD and δ 13 C, respectively) of terrestrial plant waxes. As a general feature of western IPWP hydrology, our data suggest similar rainfall amounts during the Last Glacial Maximum and the Holocene, contradicting previous claims that precipitation increased across the IPWP in response to deglacial changes in sea level and/or the position of the Intertropical Convergence Zone. We attribute this discrepancy to regional differences in topography and different responses to glacioeustatically forced changes in coastline position within the continental IPWP. During the Holocene, our data indicate considerable variations in rainfall amount. Comparison of our isotope time series to paleoclimate records from the Indian Ocean realm reveals previously unrecognized fluctuations of the Indian Ocean precipitation dipole during the Holocene, indicating that oscillations of the IOZM mean state have been a constituent of western IPWP rainfall over the past ten thousand years.
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plant wax δD | plant wax δ 13 C | Indonesia T he Maritime Continent (∼10°S-20°N and 90°E-130°E) is situated within the Indo-Pacific Warm Pool (IPWP). Here, intense atmospheric convection and rainfall provide a major driving force for global atmospheric circulation. On a seasonal basis, regional hydrology is governed by migration of the Intertropical Convergence Zone (ITCZ) and associated changes of the monsoonal wind flow. In addition, IPWP hydrology undergoes strong and abrupt variations on an interannual scale that have been linked to the El Niño Southern Oscillation (ENSO), and more recently to the coupled atmosphere-ocean system over the Indian Ocean (Indian Ocean Zonal Mode, IOZM) (1, 2) . Whereas ENSO has a significant impact on rainfall patterns across the eastern and southern areas of the Maritime Continent, there appears to be no direct impact of ENSO on rainfall patterns of Northwest (NW) Sumatra (3). Instead, fluctuations of the IOZM may exert substantial control on NW Sumatran rainfall variability (1) . At present, annual mean rainfall received in the western IPWP (>3,000 mm) is higher than that in equatorial East Africa (about 500-700 mm; www.worldclim.org/), resulting in a precipitation dipole across the Indian Ocean. During years of so-called IOZM events, anomalous cooling (warming) off Sumatra (East Africa) corresponds to negative (positive) rainfall anomalies along western Sumatra (East Africa), resulting in a weakening or even reversal of the Indian Ocean precipitation gradient. A recent proxy data-modeling approach combining a set of relative moisture reconstructions from East Africa and simulations from coupled climate models suggests an IOZM-like relationship between eastern Indian Ocean cooling and positive rainfall anomalies in East Africa on decadal timescales during the past millennium (4). Coral-based reconstructions of sea surface temperature (SST) anomalies in the eastern tropical Indian Ocean (off the coast of West Sumatra) indicate distinct periods of IOZM variability throughout the past 7,000 y (5, 6). However, despite the pronounced impact of the IOZM on present-day hydrology of Indian Ocean rim countries (e.g., refs. 7 and 8), the importance of the Indian Ocean for past rainfall variability over the western IPWP has not yet been demonstrated.
To help fill this gap, we explored precipitation changes in NW Sumatra during the past 24,000 y recorded in a marine sediment core from the Nias basin (yellow star in Fig. 1 ; eastern Indian Ocean). The study site is under the influence of modern sea surface anomalies associated with IOZM variability, making it an ideal location to study past variability of the Indian Ocean precipitation gradient.
At present, the study site receives abundant rainfall carried by tropical maritime trade winds throughout the year with no dry season (9) . Local rainfall amounts are largely independent of the seasonal migration of the ITCZ as the site remains within the tropical rain belt year-round (for a detailed description of moisture supply over the Maritime Continent, see SI Text and Figs. S1 and S2). Present-day rainfall anomalies are modulated by SST anomalies relating to the IOZM (1). There appears to be
Significance
The Indo-Pacific Warm Pool (IPWP) is the largest source of atmospheric water vapor, and region of highest rainfall, on Earth. At irregular intervals, this high-rainfall regime weakens, causing severe droughts with massive consequences for the local population. Research into the underlying mechanisms is limited by the temporal coverage of climate data. We produced a record of rainfall over the western IPWP covering the past 24,000 years. Our data indicate that topography and coastline position govern regional IPWP hydrology on glacial−interglacial timescales. During the Holocene, western IPWP rainfall is linked to that of East Africa through a precipitation dipole. Fluctuations of this dipole identified in our study serve as an impetus for future studies to advance our understanding of IPWP dynamics. no direct influence of ENSO on precipitation in NW Sumatra (3); however, an indirect impact of ENSO is observed during periods of ENSO and IOZM event interactions (10) .
We measured the stable hydrogen (δD) and stable carbon (δ 13 C) isotopic composition of terrestrial plant waxes, specifically the n-C 30 and n-C 32 alkanoic acids, to deduce changes of hydrology and vegetation on land. We infer that higher plant waxes deposited at the study site predominantly derive from the adjacent hinterland of NW Sumatra, as the mineralogy and radiogenic composition of clay minerals deposited offshore from the North Sumatran Shelf indicate rocks of North and central Sumatra as the dominant source of terrestrial material (11, 12) (SI Text). Plant wax δD values have been shown to correlate with those of precipitation (13), which, in the tropics, relate to the amount of rainfall (14) (SI Text).
Since there is debate about whether photosynthetic pathway and plant morphology has an influence on the δD value of plant waxes (13), we also measured their δ 13 C values during periods of pronounced changes in plant wax δD.
Results
The δD values of the n-C 30 alkanoic acids ( Fig. 2A ) range from −148‰ to −175‰. We identify two periods of D depletion around 14 ka and 11.5 ka during the last glacial period as well as two pronounced periods of D depletion during the Holocene from about 8 ka to 6.5 ka and from 2 ka to 1 ka, and an interval of moderate D depletion lasting from about 4.5 ka to 2.5 ka. The temporal pattern of δD values of the n-C 32 alkanoic-acid δD record ( Fig. 2B) matches that of the n-C 30 alkanoic acid during the Holocene, replicating the observed variability. Due to coelution of an unknown compound (SI Text), the n-C 32 alkanoic acid record could not be extended to the Last Glacial Maximum (LGM).
Values of δ 13 C (Fig. 2C) show little variation throughout the record (about 2‰ when corrected for glacial−interglacial changes in atmospheric 13 CO 2 ; see SI Text), indicating persistent dominance of C 3 plants throughout the study interval. This agrees with palynological studies from the highlands of NW Sumatra from Lake Toba (15) , and central Sumatra at Danau Padang (16) and Danau di Atas (17) , which demonstrate that tropical trees (which are C 3 plants) persisted throughout the time interval covered by our record. We therefore have no evidence for changes in vegetation that might have influenced the δD values of plant waxes at the study site.
Discussion
We account for changes in the δD value of rainfall due to deglaciation by correcting our record for glacial−interglacial changes of ice volume and temperature. Our temperature correction (SI Text and Fig. S3 ) includes the minimum and maximum estimates of local glacial−interglacial temperature differences of about 3°C for the marine realm (18, 19) and of up to 7°C on land (20) . The combined effects of ice volume [∼1‰ δ
18
O seawater (21) accounting for an −8‰ D depletion during the LGM] and surface temperature change [which accounts for a D enrichment during the LGM of +2.4‰ to +5.6‰ (22) ] act on the δD signal in opposite directions, yielding a net isotopic depletion of −2.5‰ to −5.5‰ during the LGM (Fig. 2A) . Assuming no contribution of D-depleted vapor from the exposed Sunda Shelf [continental effect (14) ], we attribute the remaining variability of the δD record to changes in the amount of rainfall received in the study area, with periods of D depletion corresponding to intervals of enhanced rainfall amounts and vice versa.
No Trend in LGM to Holocene Patterns in Rainfall. Both the corrected and uncorrected n-C 30 alkanoic acid δD records reveal no apparent glacial−interglacial difference in the amount of rainfall received at the study site ( Fig. 2A) . Instead, average rainfall amounts in NW Sumatra were of about the same order of magnitude or slightly elevated during the LGM compared with the Holocene, depending on the true impact of temperature change on the δD values of our record. This observation is in agreement with reconstructions of seawater δ 18 O off West Sumatra (19) displaying similar values during the LGM and the Holocene, and is further supported by palynological evidence from central West Sumatra indicating cooler but not drier conditions during the LGM (summarized in ref. 23 ).
The lack of drying in West Sumatra during the LGM contrasts with evidence for concurrent drying across the central IPWP. Reconstructions of glacial−interglacial changes in terrestrial precipitation based on speleothem calcite δ
O records from Borneo (24) and Flores (25) , and a plant wax δD record from Sulawesi (26) , indicate drier than present conditions during the LGM [Borneo (24)] followed by an increase of precipitation during deglaciation [Flores, Sulawesi (25, 26)] (Fig. 2 E−G) .
We suggest that these distinctive differences between the eastern and western Maritime Continent result from exposure of the Sunda Shelf during the LGM and resulting changes in regional ocean and atmosphere circulation. During the LGM, when the Sunda Shelf was exposed (27) , the study sites of Borneo, Flores, and Sulawesi were connected to a more continental geography, whereas NW Sumatra experienced only a minor change in coastline position (Fig. 1A) . According to Griffiths et al. (25) , the glacioeustatically forced flooding of Sundaland during the last deglaciation increased the surface area of ocean water along the monsoon trajectory delivering moisture to the southern and eastern Maritime Continent, enhancing rainfall amounts across the central IPWP. Precipitation over the western IPWP (West Sumatra), however, derives almost exclusively from the Indian Ocean and is orographically shielded from that in the central IPWP through the Barisan Mountain rise (28, 29) . Rainfall in equatorial West Sumatra is dominantly generated through convection and orographic uplift of moist air along the western Barisan Mountain Range, whereas the leeward East of Sumatra receives additional moisture from the central Pacific. In this way, it is reasonable to expect that the LGM-to-Holocene hydrological development of West Sumatra differed from that of Borneo, Flores, and Sulawesi, illustrating the importance of orography and land−sea distribution for IPWP climate during the LGM.
A more northerly position of the ITCZ during the midHolocene resulted in a strengthening of the Southeast monsoon (18, 23, 30) at the study site, but was not accompanied by changes in the amount of local rainfall in NW Sumatra ( Fig. 2A) . At present, the amount of rainfall received in tropical, NW Sumatra is largely independent of ITCZ position (3, 9), and, unlike at Borneo, Flores, and Sulawesi, seasonal changes of moisture sources do not display seasonal cycles in rainwater δD (SI Text and Fig. S1 ). Our data suggest that this pattern has persisted throughout the past 24 ka.
Millennial-Scale Changes in Rainfall Variability. Changes in the amount of precipitation recorded in the western IPWP are characterized by millennial-scale variability. During the last deglacial, the Sumatra δD record ( Fig. 2A ) displays an interval of elevated rainfall amounts between about 14.6 ka and 13.8 ka that may relate to the Bølling−Allerød, whereas precipitation amounts during the Younger Dryas period (∼12.8-11.5 ka) are ambiguous, changing significantly during the middle of this interval.
Interestingly, precipitation in NW Sumatra shows two distinct periods of high rainfall amounts during the Holocene from about 8 ka to 6.5 ka and from 2 ka to 1 ka (Fig. 2 A and B) . An additional period of increased moisture is indicated between 4.5 ka and 2.5 ka (best seen in the δD record of the n-C 32 alkanoic acid; Fig. 2B ). These are striking features as these pronounced hydrological shifts occur during the relatively stable climate of the Holocene.
To explore whether this is a local or a more regional feature, we applied a 10-ka high-pass filter (31) to the isotope records from Borneo, Sulawesi, and Flores to reveal rainfall variability superimposed upon that attributable to the deglacial sea level rise. In particular, we examined whether or not the residual records display periods of isotope enrichment or depletion contemporary to the two distinct intervals of rainfall increase recorded at Sumatra from 8 ka to 6.5 ka and from 2 ka to 1 ka. Whereas the residuals from Borneo and Sulawesi (Fig. S4 ) display no such match, residual changes in the Flores δ 18 O record (Fig. 2D) reveal similarities with Holocene changes of rainfall recorded at our study site regarding the sequence of deuterium and/or 18 O depletion and enrichment. Specifically, the interval of depletion from 8.5 ka to 6 ka recorded in Flores (about −0.5‰ in δ 18 O) coincides with an interval of enhanced rainfall in Sumatra [cross-correlation (32) r = 0.6; P < 0.001]. An additional interval of 18 O depletion in Flores is recorded from about 2.9 ka to 1.5 ka. Whether or not this relates to the period of elevated rainfall at Sumatra from 2 ka to 1 ka or to an interval of reduced precipitation around 2 ka, however, cannot be resolved at this point as the respective intervals in Flores and Sumatra overlap: Cross-correlation reveals no significant correlation, whereas shifting the residuals from Flores by 500 y results in a positive correlation of r = 0.74 (P < 0.001). Moreover, the residual variability recorded in Flores is generally less abrupt and of lower amplitude than that in Sumatra, possibly indicating a heterogeneous climate response to a potentially common climate forcing.
Fluctuations of the Indian Ocean Precipitation Dipole During the
Holocene. The apparent insensitivity of NW Sumatran rainfall to both the last deglacial sea level rise and shifts of ITCZ position makes our study site a unique location to differentiate precipitation changes that may derive from changes of the IOZM. Yet as the last glacial is an interval with very different global climate boundary conditions compared to the present, we restrict the following discussion to precipitation changes and their possible link to the IOZM during the Holocene. At present, annual mean rainfall received in NW Sumatra is higher than that in tropical East Africa, and persistence of drought tolerant vegetation at Lake Challa (33) vs. tropical rainforest in NW Sumatra (this study) throughout the Holocene indicates that an East−West precipitation dipole has been a general characteristic of the Indian Ocean realm over the past 10 ka. We compared our plant wax δD record to rainfall reconstructions from East Africa and Southeast India, as well as to eastern Indian Ocean SST anomalies to explore Holocene characteristics of the IOZM (see Fig. 1B for locations of the study sites). We applied a 10-ka high-pass filter (31) to the paleo-precipitation 
During the early Holocene, the Sumatran plant wax δD record displays an interval of elevated rainfall amounts from ∼8 ka to 6.5 ka (Fig. 3D) whereas the filtered plant wax δD records from Lake Challa (34) and the Gulf of Aden (35) indicate reduced rainfall amounts in East Africa (Fig. 3 A and B) , suggesting a strengthening of the Indian Ocean Precipitation Dipole during that interval. Interestingly, these rainfall excursions further overlap with an interval of positive sea surface anomalies in the eastern Indian Ocean as recorded in corals from the Mentawai Islands (6) (Fig. 3E) . At present, anomalous warming (cooling) in the eastern (western) tropical Indian Ocean ["negative" ("positive") IOZM] results in wetter (drier) conditions along NW Sumatra (East Africa) (1, 2). A strengthened East−West precipitation dipole across the Indian Ocean together with warming in the eastern Indian Ocean as indicated by the paleoproxy records therefore suggests a shift of the IOZM toward a negative-event-like mean state in analogy to modern-day IOZM events.
The early Holocene rainfall peak in NW Sumatra is followed by a period of decreased rainfall amounts from about 6.5 ka to 4.5 ka together with elevated rainfall in East Africa as indicated at Lake Challa (Fig. 3B) , suggesting a weakening of the Indian Ocean precipitation gradient. Hydrologic conditions recorded in the Gulf of Aden (Fig. 3A) , however, are ambiguous during that interval. Yet, consistent with the above, concurrent cooling in the eastern Indian Ocean (Fig. 3E) suggests a shift of the IOZM toward a positive-event-like mean state during that interval. The extent to which this may have induced a reversal of the precipitation dipole remains unanswered as the δD records do not quantitatively reflect changes in rainfall amount.
The mid-Holocene warm SST anomaly offshore Sumatra around 4 ka (Fig. 3E) , which is of the same order of magnitude as the one during the early Holocene, again coincides with a period of reduced rainfall amounts in East Africa (Fig. 3 A and B) but only a slight increase of precipitation in NW Sumatra (Fig. 3D) . This may indicate a nonlinear relationship between eastern Indian Ocean SST anomalies and corresponding precipitation changes in the western IPWP, or that our study site was not located within the core of precipitation changes at the time. We note, however, that the mid-Holocene warming in the eastern Indian Ocean coincides with a shift of the zonal gradient of Pacific SSTs toward cooling in the eastern IPWP [i.e., toward El-Niño-like conditions (36) ]. We suggest that such a weakened Pacific Walker circulation during this interval would have dampened the effect of eastern Indian Ocean SST warming at our study site, resulting in a more modest strengthening of eastern Indian Ocean Walker circulation and precipitation than one might expect from the magnitude of eastern Indian Ocean warming alone.
The most recent and distinct rainfall maximum recorded in NW Sumatra in the late Holocene from ∼2 ka to 1 ka (Fig. 3D) coincides with a concise interval of reduced precipitation in East Africa (Fig. 3 A and B) and Southeast India (37) (Fig. 3C) , providing strong evidence for a negative precipitation dipole across the Indian Ocean (i.e., higher rainfall amounts in the western IPWP) during that interval. Whether or not this relates to changes of Indian Ocean SST cannot be assessed in this study due to a gap in the Mentawai coral record. However, based on modern-day dynamics of the IOZM and associated rainfall patterns on the surrounding continents (1, 2), we surmise a positive (negative) SST anomaly in the eastern (western) Indian Ocean during that period. To what extent rainfall variability recorded in Southeast India consistently compares to either eastern or the western precipitation remains elusive due to the very different sampling resolutions of the plant wax records compared with the δ 18 O record.
Summary and Conclusions. Our study shows that glacial−interglacial changes in sea level and ITCZ position were of minor importance for hydroclimate development in the western IPWP during the past 24 ka, in contrast to the interior of the Maritime Continent. The regionally different records of terrestrial precipitation across the IPWP now allow us to resolve a heterogeneous pattern of deglacial climate change reflecting the glacial continentality of the various sites. Moreover, we find that fluctuations of the Indian Ocean precipitation dipole have been a recurrent if not persistent feature throughout the Holocene and suggest changes of the coupled ocean−atmosphere system over the Indian Ocean, the IOZM, as the underlying cause. Whether our plant wax δD record reflects changes in the frequency of individual positive and negative IOZM events, or swings of the mean state of the IOZM, however, remains unanswered as our integrated plant wax δD signal does not resolve seasonal characteristics of precipitation. High-resolution proxy records of both Indian Ocean conditions and precipitation changes on the surrounding continents are therefore required to further elucidate past dynamics and mechanistic control of the IOZM on western IPWP hydrology. C age control points of core SO189-144KL (38) . VPDB, Vienna Pee Dee Belemnite; VSMOW, Vienna standard mean ocean water.
Materials and Methods
Marine sediment core SO189-144KL was retrieved from the Nias basin off NW Sumatra (western IPWP, 1°09.300 N; 98°03.960 E) at 481 m water depth (Fig. 1) during RV Sonne cruise 189-2 in 2006. Core chronology (38) indicates an age of 140 y before present (yr BP) at the top and of 23.9 thousand yr BP (ka) at the bottom, and an average temporal resolution of about 30 y per sample.
Sediments were extracted using a MARS Xpress microwave extraction system from CEM GmbH using a mixture of dichloromethane and methanol (9:1). Total lipid extracts were saponified in 1 M NaOH aq at 80°C for 3 h. Neutral lipids were extracted with hexane; alkanoic acids were extracted at pH 2 with methyl t-butyl ether. Alkanoic acids were methylated using BF 3 MeOH of known δD and δ 13 C values and purified using silica column chromatography followed by AgNO 3 -coated silica column chromatography. Lipid extraction is detailed in SI Text.
Hydrogen isotopic compositions of alkanoic acid methyl esters were measured on a Thermo Trace GC ULTRA coupled to a Finnigan Delta + XP isotope ratio mass spectrometer (IRMS) via a pyrolysis furnace operated at 1430°C. Isotope values were calibrated against an H 2 reference gas together with a coinjected n-C 36 alkane standard. δD values of alkanoic acid methyl esters were corrected for additional hydrogen introduced during methylation and are reported in ‰ relative to Vienna standard mean ocean water. Stable carbon isotopic compositions of alkanoic acid methyl esters were measured on a Thermo Trace GC coupled to a Delta V + IRMS via a combustion furnace operated at 1030°C. Isotope values were calibrated against a CO 2 reference gas and are reported in ‰ relative to Vienna Pee Dee Belemnite. Details of isotope analyses are provided in SI Text.
